summary 1. Both plasma and urinary dopamine and noradrenaline were measured as free and sulphate conjugates, by a radioenzymatic method, before and during extracellular volume expansion (ECVE) with hypo-, iso-or hyper-tonic fluid (usually sodium chloride solution) in dogs.
Introduction
The adrenergic nervous system is involved in the adaptation of the circulation to extracellular volume changes [ 13. During extracellular volume expansion (ECVE), a reduction of the traffic in the renal nerves [2,3], associated with an increase in urinary sodium excretion [3], and with a decrease in plasma dopamine$-hydroxylase activity [4] , have been reported. If, for the sake of argument, we assume this enzyme to be a good index of catecholamines release and/or biosynthesis, a decrease in its activity should be associated with proportionally more dopamine and less noradrenaline for a given level of discharge in the adrenergic nervous system. In both man and the dog, an increase in the urinary excretion of dopamine, associated either with no change, or a decrease of that of noradrenaline, is apparently the usual pattern [S-71; conversely the urinary excretion of dopamine decreased and that of noradrenaline increased during the reduction of sodium excretion seen on standing [8] .
This apparent parallelism between dopamine and sodium in urine becomes very interesting in the light of the well-established natriuretic effect of exogenous, as well as intrarenally produced, dopamine [9,10] ; it is partly due to a direct effect upon proximal transport of fluid [ 1 11. It might be important to consider the relative amounts of dopamine, which causes natriuresis, and noradrenaline, which causes antinatriuresis in the overall control of renal function; if ECVE were to alter catecholamine biosynthesis such that the amount of dopamine (relative to noradrenaline) were increased then this could cause the increased natriuresis during ECVE. Unfortunately this physiological assumption is not supported by direct evidence.
The aim of the present work was to investigate further the dopamine/sodium parallelism during the increased urinary sodium excretion induced by hypo-, iso-or hyper-tonic fluid in dogs.
Material and methods
Twenty-seven dogs of both sexes were fed on a standard diet, and were allowed free access to water; food was withheld for approximately 18 h before the experiment. The dogs were anaesthetized with sodium pentobarbital (30 mg/kg). In each case the trachea was intubated, and catheters were inserted in a peripheral vein and artery for infusion, blood sampling and blood pressure monitoring. Ureters were cannulated. In some animals cardiac output was measured by a thermodilution technique, through a catheter positioned in the pulmonary artery via a jugular vein (Roche-Bioelectronique, France). All these animals were on a heated blanket; when measured, their central temperature was constant, 37.06"C (SEM 0. 29) during the control period, and 37.1 5°C (SEM 0.25) during ECVE (n = 14). An infusion of inulin and p-aminohippurate (PAH) was injected at 0.05 ml the animal's plasma concentration at 0.25 and 0.015 mg/ml respectively. An hour was allowed for recovery from surgical stress.
The experimental design was as follows. Control measurements, consisting of two 15 min urine collections and an arterial blood sample midway through each, were taken and the animal then subjected to one of four infusion regimens (see below). After 90 min, which was allowed for equilibration, two further 15 min urine samples and associated plasma samples were obtained. Animals were divided into four experimental groups. Group 1. Controls. These animals received only the basal infusion of inulin and PAH (n = 5).
Group 2. Hypotonic infusion. After control measurements these animals received 0.45% NaCl at 2 nil m i d ' kg-' for 45 min, followed by 1 ml min-' kg-' (n = 5). In two additional dogs hypotonic NaCl was replaced by 2.5% glucose solution.
Since there were no apparent differences, data were pooled.
Group 3. Isotonic infusion. After control measurements these animals received 0.9% NaCl at 1 ml min-' kg-' for 45 min, followed by 0.5 ml min-' kg-' (n = 8).
Group 4. Hypertonic infusion. After control measurements these animals received 1.8% at 0.5 ml min-' kg-' for 45 min, followed by 0.25 ml min-' kg-' (n = 5 ) . In two additional dogs NaCl min-l k g -1 throughout the experiment to maintain was replaced by hypertonic solution of sodium sulphate. Since there was no apparent difference between the two types of fluid, data were pooled. Inulin and PAH were measured by spectrophotometry [12, 13] , sodium and potassium by flame photometry, and osmolality by a Fiske osmometer. Plasma protein concentration was measured by Lowry's technique [ 141.
Catecholamines were measured as free and sulphate conjugates compounds by radioenzymatic methods, described by Johnson and colleagues [15, 16] ; catechol-0-methyltranferase was prepared by either the method of Axelrod & Tomchick [17] or that of Boren et al. [6] . All samples for a given animal were analysed at the same time by the same technical procedure, minimizing the effect of the interassay variation; with each method, a portion of pooled plasma was run as a quality control, giving an interassay coefficient of variation of 9.2% for dopamine, and 11.8% for noradrenaline (n = 36).
The sensitivity of the method was between 1 and 2 pg for noradrenaline, and between 6 and 8 pg for dopamine. Both interassay coefficients of variation and sensitivity were in close agreement with the results of the original workers [ 151.
To make interpretation of our results easier, we calculated the apparent net tubular transport of dopamine; this was the difference between urinary excretion and filtered load (itself the product of arterial concentration x glomerular filtration rate). A negative apparent net tubular transport would suggest predominant reabsorption of dopamine, whereas a positive value would suggest predominant secretion.
Data are expressed as means f SEM. Student's test for paired data was used to test statistical differences. Effects of extracellular volume expansion on haemodynamic and electrolyte parameters measured ( Table 2 ) Plasma protein concentration, taken as an index of intravascular volume, decreased during extracellular volume expansion. This decrease was of comparable magnitude in the three volumeexpanded groups.
Results

Plasma and urinary catecholamines during hydropenia
The haemodynamic changes were also comparable from one volume-expanded group to another. The clearance of PAH, and the glomerular filtration rate, were significantly increased; this increase was of comparable magnitude. There was no change in the filtration fraction. When measured, the mean increase of cardiac output was + 67% (SEM 13) in four dogs given hypotonic fluid, +33% (SEM 7) in four dogs given isotonic fluid, and + 37% (SEM 7) in six dogs given hypertonic fluid; the mean blood pressure was unchanged.
As expected, plasma sodium concentration and osmolality were significantly decreased during infusion of hypotonic fluid, were unchanged during infusion of isotonic fluid, and increased during infusion of hypertonic fluid. Plasma potassium concentration was unchanged. As also expected, the fractional excretion of sodium was increased in the three volume-expanded groups, and the increases were similar in magnitude. The fractional excretion of potassium was decreased in the control group, and increased in the three volumeexpanded groups. The free water clearance was increased during infusion of hypotonic fluid, and decreamd during infusion of hypertonic fluid. (Table 3) During ECVE, plasma concentrations of dopamine, dopamine sulphate, noradrenaline and noradrenaline sulphate decreased in most animals. Taking the 22 dogs with ECVE as a group, the TABLE 3. Effects of extracellular volume expansion (ECVE) on plasma concentration and urinary excretion of dopamine and noradrenaline C . control: E. experiment. *P < 0.05; **P < 0.01; ***P < 0.001 (E compared with C). Fig. 1 , the response of noradrenaline concentration was not uniform; there was an increase in six out of 22 dogs.
Plasma catecholamines concentrations during E W E
Urinary excretion of catecholamines during ECVE
The filtered load (arterial concentration x glomerular filtration rate) of catecholamines was unchanged during ECVE, the decrease of plasma concentration being counterbalanced by the increase in the glomerular filtration rate (Tables   As shown in Table 3 , during hypotonic fluid infusion there was a decrease in urinary excretion of catecholamines, which was statistically significant for the sulphate conjugates and for noradrenaline, and did not reach the accepted level of statistical difference for dopamine (P< 0.10). All catecholamines apart from dopamine were unchanged in other groups.
Urinary excretion of dopamine increased during isotonic ECVE, and to a lesser extent during hypertonic ECVE (Table 3) .
The apparent net tubular transport differences (control minus experimental measurements) of dopamine are shown in Fig. 2 , together with elctrolytes and water excretion; a positive change illustrates an increase in the amount of dopamine excreted in the urine, and vice versa, whatever the underlying mechanism(s). It appears that the apparent net tubular transport differences in the control group, and during hypotonic ECVE, were 293). the same, despite a very obvious increase in urinary excretion of sodium in the former group. During isotonic and hypertonic ECVE, the amount of dopamine rejected in urine was significantly increased, and was clearly different from that during hypotonic ECVE. There was no difference between isotonic and hypertonic ECVE, even though plasma sodium concentration and water reabsorbed by the kidney were significantly increased in the latter group.
Discussion
In the present study, catecholamines were measured by radioenzymatic techniques, which measure catecholamines as free and unbound compounds. The original authors added increasing amounts of catecholamines (up to 500 ng/ml) to plasma samples in vitro, and found the assay linear for each of the catecholamines over this extended range [15] . Since the assay has a good sensitivity and since each sample has its own internal stand-
+12- * P < 0.05 ; ** P < 0.01 ; *** P < 0.0 1, compared with hydropenic measurements.
ard(s), any change in catecholamine binding has to be very small. Intermediate between studies in vitro and in vivo, it was shown by Rennick [20] that about 50% of exogenous dopamine, perfused into the renal artery of the dog, was bound to plasma protein, making the other 50% available for excretion by the kidney; thus both free and bound catecholamines have to be measured when their renal handling is studied during the infusion of exogenous compounds. In vivo, only free catecholamines are ultrafiltrable, and therefore involved in renal handling. Unfortunately since we did not measure the catecholamines fraction bound to protein, one may wonder whether ECVE might have an effect on the free/bound ratio; this cannot be ruled out, although catecholamine binding was shown to be strong enough to be unaffected by dialysing an aliquot of plasma against 500 volumes for 18 h [21] .
If one takes into account the respective concentration of DOPA and dopamine in plasma on the one hand, and the capacity of the kidney to synthesize dopamine from DOPA on the other, two types of dopamine could be considered: circulating dopamine and potential dopamine. In fact, the canine kidney receives 92ng of DOPAlmin, of which only 54 nglmin appears in the renal vein [ 181 ; since DOPA is barely detectable in urine, the DOPA arteriovenous difference, i.e. 38 ng/min, has to be metabolized to dopamine. Even though it is not all transformed into dopamine, it is interesting to compare this figure of potential dopamine with the 5.5 ng/min of circulating dopamine, received by the kidney [ 181. From a physiological point of view, there would be no effective difference between the two sources of dopamine; both of them have been shown to increase renal blood flow and sodium excretion in humans as well as in dogs [9,10].
During the hydropenic control period, the arterial concentration of dopamine and noradrendine ( [19] , but the biochemical techniques were not identical, making any comparison very difficult, especially for noradrenaline sulphate. As far as urinary excretion of free catecholamines is concerned, our data are in close agreement with those of Ball et al., which showed a urinary excretion of 3.2 ng/min for dopamine, and 7.2 ng/min for noradrenaline [19] . However, in the six hydropenic dogs studied by Ball, the mean glomerular filtration rate was 27 ml/min, the mean renal blood flow was 82 ml/min, and the mean dog body weight was 22.2 kg; in our study, the respective figures were 58.4 ml/min, 180.1 ml/min (clearance of PAH), and 15.7 kg for 27 dogs. Thus there is every possibility that the haemodynamic state would have been different in the two studies. This is an important point, because the glomerular filtration rate enters into the calculation of the filtered load, and also because Ball's data suggest a predominant secretion of dopamine, whereas ours indicate a predominant reabsorption, in the bidirectional transport of the amine [23] .
As far as plasma concentration of the catecholamines are concerned during ECVE, our data show a statistically significant decrease when the 22 expanded dogs are taken as a whole. Previous studies of the problem have produced conflicting reports, since plasma noradrenaline has been shown to be increased, unchanged, or decreased [5, 6, 24,251. There are at least two possible explanations for this: first of all, there is the part played by a dilution of plasma, induced by the infused fluid. When our data are expressed as pg/mg of protein, all statistically significant decreases during ECVE disappear except that for noradrenaline. The significant decrease of plasma noradrenaline, in pg/mg of protein, could be taken together with other evidence [2-41 to suggest a decrease in the activity of the adrenergic nervous system during ECVE. Secondly, as shown in Fig. 1 , although the decrease of arterial noradrenaline concentration is statistically significant when the 22 expanded dogs are taken as a whole, the noradrenaline response to ECVE was not uniform; it was increased in six out of 22 animals.
Thus the changes in the arterial concentrations of dopamine and noradrenaline were not in proportion to each other during ECVE. Interestingly enough, the dopamine/noradrenaline ratio was shown to be increased in the urine of patients with Conn's syndrome [26] , who presumably had an increase in their extracellular fluid volume. If we hypothesize a physiological role for circulating catecholamines, an increase in the dopamine/ noradrenaline ratio during ECVE might suggest a relative increase in the dopamine-induced natriuresis at the expense of noradrenaline-induced antinatriuresis.
Whatever the fluid infused, there was a comparable decrease in plasma protein concentration in the three expanded groups; thus the expansion of the intravascular volume was likely to be of a similar order of magnitude. The expansion of intravascular volume is unlikely to trigger the sequence of events leading to an increase in the urinary excretion of dopamine, which in turn induces an increase of urinary sodium excretion, as already suggested with an intravenous infusion of hypertonic albumin in dogs [5] . The interstitial fluid pressure is increased during ECVE, and its increment was shown to be much more marked with hypotonic fluid than with either iso-or hypertonic fluid [27] . Thus if the interstitial pressure rise triggers the sequence of events, the increase in urinary dopamine excretion should have been larger in group 2 than in the two other groups; Fig. 2 shows that this is not the case. During ECVE with hypotonic solution, there was a large increase in urinary sodium excretion, whereas the variation of the apparent net tubular transport of dopamine was the same as that of the hydropenic control group. Thus our study demonstrates that urinary changes in dopamine and sodium can be dissociated; this observation might be of great importance. Incidentally, urine flow was at its highest level in group 2.
